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SOWIABT 


Future space missioas are expected to require real-tiae on-l)oard SAR pro- 
cessors. Large scale integrated (LS7) circuit detrices vill play an iapor- 
tant role in enabling develoopeent of SAR processors idiicdi saet the severe 
weight and power constraints associated with on-board processing aiq>lica- 
tions. Ibis pai>er discusses the application of modem LSI technology to 
the developnent of a tiae-doaaln azimuth correlator for SAR processing. 

Gmeral design requirea»nts for azimuth correlators for missions such as 
SEASAT-A, Venus Orbital Imaging Radar (VOIR), and buttle Imaging Radar 
(sir) are smnarized. Several azimuth correlator architectures that are 
suitable for implementation using custom LSI devices are described. Tech- 
nical factors pertaining to selection of ^propriate LSI technologies are 
discussed, and the maturity of alternative technologies for spacecraft ap- 
plication are discussed in the context of the expected space mission launch 
dates. Finally, the paper describes the preliminary design of a custom LSI 
time-domain azimuth correlator device (ACD) being developed for \ise in fu- 
ture SAR processors. Over 1000 of these ACD*s are planned to be used in a 
laboratory model SAR processor to be built in 1979. 

A This paper presmts the results of one phase of research carried out at 
Jet Propulsion Laboratory, California Institute of Technology, under 
Contract No. NAS 7-100, sponsored by the NationsJ. Aeronautics and Space 
Admini strat ion . 
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1,0 DBBOCOCnOl 


The first spsce aission to use e SAR instruamt is SEASAT>A lAiich viU be 
launched eerly in 1978. In this earth orbiting spacecraft the raor SAR in- 
strvaent data viU be sent to the ground where it viU be processed into ia- 
ages. The priasry goals of the SEASAI-A aission are adequately satisfied by 
using earth based processing, lon-real-tiae SAR processing is planned for 
this aission priaarily because the cost of derelopaent of a real-tiae SAR 
processor would not fit within the SEASAT budget. Since SEASAT-A is priaar- 
ily a resear^ tool in a fessahility study and it was not intoided to be used 
for operational radar oibeemtions* it was dceaed acceptable to require ser- 
eral hours to process data idii^ are collected in a few ainutes. 

b the future, SAR data ftoa orbiting satellites aust be processed to iaages 
in real tiae in order to avoid an ever increasing back-log of unprocessed 
data. Sven ground based real-tiae processing is not without fomidable 
probleaa. The spacecraft unprocessed SAR data rates for soae identified SAR 
instrvBianted missions range fron 3x10^ bits i>er sectmd to 120x10^ bits per 
second with higher rates likely for aore advanced SAR instruments. There 
are substantial functional and econoaic boiefits associated with real-tiae 
on-board processing of SAR data. It is therefore likely that on-board space- 
craft SAR processing will play an increasing role in future SAR spaceaissicxis. 

On-board SAR processing has the advantage that the down link data rate is 
reduced by at least the number of locdis. In addition, since the processed 
SAR data is in the form of images it is possible to do on-board image fea- 
ture extraction similar to the type planned for LAHDSAT images and further 
reduce the down link data rate and volune. However, these benefits are not 
easily attained. A on-board SAR processor must be designed within the se- 
vere weight, volume and power restrictions of a spacecrerft. A way (perhaps 
the only way) to imrolenent high-performance on-board SAR processors is 
through the use of custom large scale integrated (LSI) circuits for major 
portions of the SAR processing circuitry. 

Bie portions of the SAR processor that will most benefit from custom LSI are 
the range correlator and the azimuth correlator. Custom LSI devices have 
beoi used to perform the range correlation for several years in aircraft SAR 
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proeeMors. Ruiie earralAtiOB devices here been constructed usin^ snslog 
disrse coupled devices (CCD) end sorfsce vsve devices (SHD). Both of these 
devices depend upon the stable range chirp psraneters to peiuit the use of 
fixed tap veii^ts in the correlator devices. If the correlation coefficients 
■ost be adjustable, as is required in the aslinith correlator, conventional 
CCD and SHD devices cannot be used. The renainder of this paper will brief- 
ly describe a fev different asinuth correlator architectures that permit 
variable coefficients, and viU discuss the detail specification of a custon 
LSI ilsvice for one of these ardiitectures. 

2.0 TYPICAL SPACEBORHE SAR IBSTRttffiBTS 

A swBBxy of sone typical spaeebome SAB instment diaracteristics is given 
in table 1. They represent a fairly broetd range of resolutions and radar 
fre que n c ies and provide a baseline for the range of azimuth correlator com- 
plexity. The radar center frequencies range from L-band to X-band. Swath 
width varies from 12.? kn to 100 kn and resolution varies from 20 m to 200 a. 
The requirements specified for VOIR and SIR are preliminary and nay change 
as their respective mission goals are defined more fully. The requirements 
for SEASAT-A, however, are well defined end are disc\issed in considerable 
detail in a coaqpanicm peper [l]. The experimental electionic SAR processor 
described in [l] is being designed to produce 20 km swath 25 m resolution, 
four look, SAR imagry. 

3.0 AZIMUTH CORRELATOR ARCHITECTURE AHD LSI TECHHOLOGY 

Since the laboratory SAR processor is required to perform real-time proces- 
sing of SEASAT-A data, the selection of an azimuth correlator architecture 
was heavily influenced by SEASAT-A requironents. "Simple" frequency 
domain azimuth processors have beun devised which use an FFT to obtain the 
intensity of image elements along isodoppler lines on the s\nrface of the 
earth. However, these "siatple" frequency domain processors exhibit sub- 
stantial geometric distortion requiring complex processing to solve regis- 
tration problems associated with formation of multilook images. The use of 
custom LSI circuits to implement FFT function have been described in other 
papers [2] [3] and will not be discvissed any further in this paper. The 
primary thrust of the remeiinder of this paper will be to discuss a few 
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candidate time-domain azimuth correlator architectures that 
ahle in custom I “I circuits reasonf.*>le chip size. 


TaBIS ? 

SAR PROCESSOR FiaiCT Ivi iAL REqUIREMENTS 


OiOUlD RAHCB RESOLUnCH (M) 

AZntfEH RESOLUnOH (M) 

■UMBER OF LOOKS 

SMASH vnnH (KM) 

PIXELS PRODUCED ACROSS SMASH 

BEAM CESSER SLAST RABGE (KM) 

RAHGE TIME-BAHIWIDJM PRODUCT 

AZINDTH SAMPLES PER LOOK 

RAVGE WALK ACROSS BEAM (BINS) 

SSALO FRE9JERCY (MHz) 

RADtAR CESSER FREQUENCY (GHz) 
RADAR FRF (MAX.) (Hz) 

PULSE DURATION (ySEC) 

PULSE CODING 
BANDWIDTH 

S.u»!PLIHG FREQUENCY (l,Q)(MHz) 
ANTENNA DIMENSION (AZ.) (M) 
ANTENNA LOOK ANGLE (DEG) 
NCKENAL RADAR ALTITUDE 
NOMINAL RADAR SPEED ( M/SEC ) 


SEASAT-A 

SIR-B 

L-BAft’' 

C-BAND 

X-BAHD 

25 

r0,25,20 

70 . 25,20 

25 

70 , 25,20 

70 , 25,20 

k 

15, 5. 5 

15 . 5. 5 

100 

50 , 25,55 50 , 25,55 

1039, l60h 1039.16 o1» 

5760 

37*55 

230,335 

3755 

230,335 

870 

480 

480 

6U6 

339 
28 , 122 

10 

1020 

176 

16,64,92 

128 

10 

10 

91.06 

91.06 

91.06 

1.275 

4.75 

9.1 

I6h5 

2218 

2218 

33.8 

33.9 

1 

CHIRP 

PN 

PN 

10 

10 

10 

22.76 

11.38 

11.38 

10.5 

8 

8 

20 

15,49,64 

15,49,64 

795 

225 

225 

7U50 

7700 

77C0 


are implement- 


VOIR 
L-BAHD 
200, 25 
200, 25 
30, h 
100, 12.5 
770, 1115 
550 

h2.3y 338 

60 , 1»75 

2, 10 

91.06 

1.275 

1304 

33.8 

PH 

10, 1.5(3) 
11-38, 1.U2 
12 
li9 
375 
7150 
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3.1 TWO AZmim OORRgLAIOP MtCHTTKgTOBBS 


In selecting s suitable tiue-dcanin ssianitb correlator architecture inple- 
■entable in custoa one of the firs^^ characteristics to look for is a 
hi^ degree of regularity in the aritfaatetic and nenory hardware requirements. 
One of the first arehitect\ires considered was a pipeline processor shown in 
figure 1. It has the property that both the data and the partial s' '» lea- 
ding to image pixels, t^'*'nigh the processor in nice regular ("laminar") 

manner. It also is nicely modular in idiich each I£I device would contain the 
range line memory, <*'^^^cient storage, multiplier, adder, and etc. , as shown 
mclcsed in the dashed lines. It has the advantage' that it uses a miniann 
nuBiber of bits of on-diip storage irtiich is a significant factor in minimizing 
chip size, g^nll chip size has a very close relationship to the chip yield 
in fabrication. Chip yield reduces dramatically as chip size increases. A 
disadvantage of this architecture is that it is not possible to include any- 
thing more than the sinqplest range interpolation without greatly increasing, 
the cosplezity and size of the chip. Since it was considered important to 
have the option of using multipoint range interpolation for the SEASAT-A la- 
boratory processc:*, this correlator architecture was not adopted for the ex- 
perimental processor. 

Another azimuth correlator architecture was considered that permitted paral- 
lel image line processing for all looks. Figure 2 is a block diagram of this 
azimuth correlator architecture. It is modular, as indicated by the dashed 
lines, and allows range interpolation to be done centrally, eliminating the 
necessity for interpolation logic on the chip. A disadvantage is that there 
is a larger amount of memory required on the chip because the conplex image 
line is accimmlated on the chip rather than acciimulated over the array of 
chips as in figure 1. However, since multipoint range interpolation was con- 
sidered to be an isportant option for the SEASAT-A laboratory processor, this 
second azimuth correlator architecture was preferred. A deciding factor in 
confirming this architecture choice is the availability of a suitable LSI 
technology which can inplement the additioneuL memory required without a sig- 
nificant power penalty. 
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3.2 SBJCnOW OF APPROPRIATE LSI TBCHBOLOQIES 

Xb order to laplewetit an LSI deriee of the caeplexity required for one of 
tiM ahove asiauth correlators, one needs to consider only technologies that 
eidiibit ■ininui area per gate ifarapertiea. Also, for spacecraft eq>plication, 
the anount power required to operate the chips must he ninimum. Fortunately 
■iniiMi power and niniimai area per gate are conpatihle requirements. Table 
2 is a coaparative susonry of the area, power, and speed of several coinnon 
LSI technologies. These are: Cooplementary-Netal-Cxide-Semiconductor-Sili- 

con-on->Sapphire (CMOS-SOS), Integrated Injection Logic (l^L), K>channel Metal 
-Oxtde-Sestlconductor (iBgJS), and Digital Charge Coupled Device (DCCD). They 
are representative of the most conson high speed, low power and small area 
devices availahle. The areas for a logic gate and a data storage element 
(shift register) are useful in assessing the amount of circuitry that can he 
placed upon a chip of moderate sise square micrometers). Speed-power 

product is a figure of merit used to indicate the amount of energy required 
to change the state of a typical logic element. As can he seen under the 
shift register power per hit column, the speed power product is not an abso- 
lute indicator of the relative power required to operate these LSI circuits. 
Topological, factors can override the apparent speed-power product ratios as 
can he seen Iqr comparing CM(^-SOS and NMOS. The speed-power product ratio 
of HMDS to CMOS-SOS is 2 hut the ratio of power per hit for the shift regis- 
ter is 3. 

All of the values in Table 2 assume that the minimum on-chip conductor widths 
are 3 micrometers , ^ich is currently a standard photolithographic capabili- 
ty within the integrated circuit indxistry. In the next five to ten years, 
the minimum line widths can be expected to reduce to one-tenth of today's 
limits which will allow proportional scaling of the figures in Table 2. 

Selection of an LSI technology for a spacecraft application requires careful 
assessment of the proposed application. In applications requiring high chip 

complexity, it is clear from Table 2 that DCCD has a significant advantage. 

2 

DCCD, however, has less radiation resistance that either I L or CMOS-SOS. 

If the spacecraft must spend a large amount of time in trapped radiation 
fields, it would he necessary to shield the DCCD processor circuits. Also, 
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DCC3> tedmolagy era only be used in plpe^line processor architectures [U]. 

A hl|^ spaeecztift radiation ravironsirat would probably reqxiire the higher 
radiation tolerance of either CMOS-SOS or A. The larger logic element di- 
mensions of these technologies nay require a multiple custom LSI implementa- 
tion in azimuth correlators of hU^ conplexity. HH06 has about the sane ra- 
diatira restistance as DCCD. 

It is not practical to discuss all possible tradeoffs involved in selecting 
a custom ISI technology in this paper. The above discussi<m is a brief out- 
line of some of the fbctors that must be considered in technology selectira. 
The next section of this piq>er will describe an example azimuth correlator 
architecture and will discuss an I£^I tedmology selection. This will illus- 
trate sostt of the practical probleaut encountered in using custom I£I for SAR 
processors. 

TABLE 2 

HIGH DEHSITI LSI TECHNOLOGIES 
DIGITAL pm G£(»<ETRY) 

LOGIC GATE SHIFT REGISTER 



AREA 

SPEED-POWER 

POWER/BIT 1 MHZ 

AREA/BIT 

CMOS SOS 

12903 pm^ 

5 pJ 

100 pw 

1»938T 

l^L 

6k32 

2 pJ 

50 pW 

19k35 pm^ 

NMOS 

9677 pn^ 

10 pJ 

300 pW 

J»1935 pm^ 

DCCD 

6 U 5 pm^ 

0.2 pJ 

0.3 JiW 

129 pm^ 


NOTE: A MODERATE SIZE LSI CHIP AREA IS: 3 X lo"^ pm^ 

U.O EXAMPLE AZIMUTH CORRELATOR LSI DEVICE 

JPL is presently involved in the development of an experimental electronic 
SAR processor [l] which will use a custom LSI device to implement the azimuth 
correlator. This processor, called the Developmental Model SAR Processor 
(DMSP), will be used to demonstrate real-time, time domain processing of SAR 
data from the SEASAT-A spacecraft. Unprocessed data from the spacecraft will 
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!»• Mttt to the DNSP vhich vlU produce a 20 ka swath image at 25 a resolution 
at tile real-tiae i?ate. Data giTui in Thhle 1 are the baseline requirements 
for this processor. The azimuth correlator uses the ax^hitecture described 
in Figure 2 and is implemented with a set of identical custom LSI devices 
specified for use in this azimuth correlator. 1hisQ<SI device is called 
the aziznxth correlator device (ACD). 

h.l GEMERAL BEQUIRBffiMTS FOR THE ACD 

The IMSP functional block di^zoram. Figure 3> shows the relationship of the 
asianith correlator to the othor elements of the DMSP. The IK5P requires 
an array of 1020 ACD's to perfom a 20 km swath azimuth correlation with 
looks. The relationship of the ACD's to the complete SAR processor is 
shown to Figure H and 5 which are, respectively, a block diagram of the com- 
plete azimuth correlator and a block diagram of a single-look azimuth corre- 
lator aiodale. The ACD receives data from the range correlator via the ACD 
iqput sample bus as a contiguous sequence of "range-lines". Each range-line 
comprises 5120 complex data samples accompanied by several sync signals. The 
basic operation performed by the ACD during a rcunge-line processing cycle is 
to select the aipropriate set of 1152 complex data samples from each range- 
line, multiply each data sanple by the appropriate complex azimuth reference 
function (ARF) coefficients, and to add this product to the appropriate cell 
in the accmulatc register. (New sets of reference function coefficients 
are needed for each new set of range-line date samples input to the ACD dur- 
ing cm image-line processing cycle. ) In the I^P, an image-line processing 
cycle will involve 1020 raxige-lines. The final value of the complex image- 
line sample stored in the euscumulator cell takes on the value 

1019 


■E 


S.. 
im ij 


for J = 0,1151 


( 1 ) 


1*0 


where 


C^j^ = complex reference function coefficient (where 

m = [j/l6], the integer portion of J/l6) for 

th th 

the j data sample fr<xn the i range-line 


in the image-line processing cycle. 


V-4-8 


S. f « the eoaplex data, saoq^le tram 
th 

the i range-line in the image- 
line processing cycle. 

At the end of an isiage-line processing cycle, the output of the complex ad- 
der is switched to the output driver and the 11^2 coeplex image-line sauries 
are read out. The image-line memory is filled with zero levels during the 
image-line read out process. An ACD functional hlock diagram is shown in 
Figure 6. Ihe functional characteristics of each element of the ACD is des- 
cribed in the following subsections. 

1(.1.1 Data sample format. The ACD input san^le bus will siq>ply data in 
word-serial (8-bits-per-word) fashion at word rates in the range from UOO 
kHz to ih.O MHz. These data sauries will be organized into sets of ^120 
samples correspondbLng to individual SAB range-lines, amd these range-line 
sample sets are subdivided into contiguous subsets of four interpolated 
samples each. Each data sample is a coaqplex quantity. The first four bits 
of each sample report the sign and magnitude of the real part of the input 
sample, and the last four bits report the sign and magnitude of the imagina- 
ry i>art. 

4.1.2 Coefficient formats . The following set of coefficients is provided 
to process the data samples corresponding to one range-line: 

Coefficient Type No. Coefficient Per Set No. Bits Per Coefficient 

BMC - Coeurse 1 10 

BMC - Fine 72 2 

ABF 72 8 

The first three bits of the Range Migration Compensation (RMC)-coarse coef- 
ficients have no effect on the processing. For convenience, the RMC-fine 
coefficient is appended to the end of the ARF coefficient to form a ten-bit 
composite coefficient. A coefficient bus sync is provided which controls 
and synchronizes the transfer of coefficients from ACD-to-ACD. (See Figure 
5). 
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Ctoefflclqit Imffers. Ttoo leTels of <»->chip coefficient buffering are 
provided within the ACD. !Die first level provides for a set of 288 composite 
coefficients plus four BMC-coarse coefficients sufficient to process a set 
of four range-lines. !Ihe second level of buffering provides an eight word 
ftrst-in-first-out (FIFO) buffer for the conposite coefficients and a single 
word buffer register for the Bm-coarse coefficients. Ihe organization of 
these buffers is described in Figure 6. !Ihe input coefficient ox switch 
routes the coefficient bit stream to the appropriate storage register. Ihe 
internet, mx switches enable the buffers to be operated in either a fuU-ca- 
I>acity mode or a one-quarter capacity mode ^diich is useful in some applica- 
tions. ^nie output coefficient mx switch causes the normal coefficient bit 
stream to be re-foxmed frcaa the output of the first level buffers so these 
coefficients can be passed cm to another ACD in an azimuth correlator module 
(see Figure 5). The passage of coefficieats frcan ACD-to-ACD occiurs under 
the control of timing signals ccaonon to all of the ACDs in the azimuth cor- 
relator. The second level of buffering holds coefficients to be used in de- 
layed range-line processing. Ihis delay in processing is due to the action 
of the RMC-coarse coefficient which causes up to 127 sample subset periods 
of delay (realtive to coefficient transfer timing) is range line processing 
within an ACD. Each lOlC-coeurse coefficient is used once at the start of the 
corresponding range-line processing cycle. Each composite coefficient will 
be used with l6 consecutive range-line data sample subsets. 

U.l.U Input control . The input control (see Figure 6) selects an appropri- 
ate group of 11^2 data samples from each range-line sample set. The appli- 
cable RMC-coarse coefficient determines how many of the input spjnple subsets 
(four samples each) of the range-line sample sets shall be passed-over be- 
fore beginning selection of the data samples to be processed. The number of 
subsets passed-over can be any veLLue from zero to 127. The fovu- samples of 
each subsequent subset shcdl be stored in a sample buffer memory. The value 
of the appropriate RMC-fine coefficient will determine which on of the four 
sauries to select for input to the complex multiplier element. (An RMC-fine 
coefficient value of zero shall cause the selection of the first sample of 
the subset, etc. ) 
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U.l.^ Complex multiplier. The complex multiplier performs the following 
computaticxi: 

P « X*Yi (2) 

vfaere 

X * a + ih ani Y « c + id 

This product (P) can also l>e caressed as P = (ac - M) i(ad ♦ he). Ihe 
quantities a and h are, respectively, the reed and imaginary parts of the 
ABF coefficients. Quantities c and d are respectively the reed and imagina- 
ry parts of the ACD input data samples. The real and imagineury parts of P 
each have a dynamic range of 8 hits. 

U.1.6 Image line accumulator. The image-line accumulator coeqprises the 
functioned equivalent of a complex adder and a recircxdating image-line me- 
mory (Figure 6). !Die cooq;>lex adder accepts the output of the complex multi- 
plier (8 hit reed component and 8 hit imaginary conponent) and the corres- 
ponding accumulator semple (l6 hits I and l6 hits Q). The sum is passed 
through a multiplexer ^ich will either route the complex sum to the image- 
line memory or to output driver circuits. This multiplexer, when in the out- 
put mode, shall enter zero levels into the image-line memory. The recircu- 
lating image-line memory is a shift register with a toted capacity of 1152 
ccmoplex image-line samples. 

U.1.7 Control and timing . The control and timing circuitry provided on the 
ACD, accepts control and timing signals from the control processor and pro- 
vides all of the necesseury control and timing to all of the rest of the cir- 
cuitry on the chip. Some of the functions to he provided hy the control and 
timing circuitry are: 

a. Clock signals to all elements of the ACD 
h. Controls data input and sample selection 

c. Controls coefficient buffer capacity and coefficient 
routing to and from internel coefficient buffers 

d. Controls output of image-line pixels. 

e. Controls selection of the 11 most significant or 11 least signi- 
ficeuit portion of the complex image-line sample magnitude at the 
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accumulator output. 
k,2 ACD LSI TECHNOLOGY SELECTIQK 

Taking an inventory of the circuitry reqviired for the ACD, vo observe th» 
follotfiiui: 

a) There is a memory reqTiiraoent of the order of UO.OOO hits. 
Fortunately all of it is seauential (shi.ft register) memory. 

h) A 4 hit X 4 hit comnlex multiplier is reauired, which is 
ccoprised of four multipliers and two adders. 

c) A CQB^lex adder is required which consists of two l6 hit 
adders. 

d) Some random logic circuits for on-chip control end timing. 

Assuming the chip size is to he kept within the 6nni x 6nm size category 
and that the total operating power for the chip must he kept under 0.5 
watt, the LSI technology choice must he DCCD. The other three technologies 
would only he viable if the conductor widths were reduced to about 1.7 
microns. Fortimately the radiation environment for a SEASAT-A type space- 
craft is in the order of 10^ rad (Si) per year, which is within the radia- 
tion tolerance range of DCCD with some shielding. 

5. CONCLUSIONS 

It has been concluded from the above that a custtxn LSI device is practical 
for a system as complex as the WGP. Certainly SAR processing systems less 
con^lex than the DM5P could edso benefit from LSI technology [5]. In the 
ease of SEASAT-A type spacecraft, custom IjSI is an enabling technology for 
spacehom SAR processors. 
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Figure 2. Time Domain Azimuth Correlator Architecture B 
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Figure 3. Developmental Model SAR Processor Block Diagram 
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Figure 4. Azimuth Correlator Block Diagram 
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Figure 6. Azimuth Correlator Device Functional Block Diagram 






